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This  is  the  final  report  for  the  EOARD  project  “Electronic  structure 
investigations  of  aluminium  clusters”.  A  one  year  grant  commenced  15.  November 
2006  and  terminated  14.  November  2007.  An  interim  report  for  the  first  6  months  was 
sent  in  and  approved. 

We  proposed  to  study  the  electronic  spectra  of  aluminium  containing 
molecules  and  for  this  purpose  a  number  of  the  techniques  developed/used  by  us  in 
Basel  were  made  available  for  such  measurements.  In  the  year  of  the  project  we  used 
two  techniques,  resonance  two-color  two-photon  ionization  (R2C2PI)  spectroscopy 
and  laser  induced  fluorescence  (LIF)  to  probe  the  aluminium  containing  species 
produced  within  a  supersonic  pulsed  expansion  incorporating  either  laser  vaporation 
of  aluminium  or  a  discharge  source.  With  the  R2C2PI  set  up  we  could  identify  by 
mass-spectrometry  the  production  of  the  bare  aluminium  clusters,  Aln.  The  addition  of 
acetylene  into  the  laser  vaporization  region  produced,  among  other  species,  A1CCH, 
and  we  managed  to  observe  and  assign  the  electronic  spectrum  of  this  molecule  for 
the  first  time.  The  rotational  structure  could  be  resolved  and  the  analysis  of  this 
pattern,  backed  up  by  ab  initio  calculations,  proved  that  it  is  the  linear  isomer  A1CCH 
which  was  observed.  An  article  reporting  the  results  has  been  published  in  Physical 
Chemistry  and  Chemical  Physics: 

“Gas  phase  electronic  spectrum  of  linear  A1CCH” 

C.Apetrci,  H.Ding  and  J.P.Maier, 

Physical  Chemistry  Chemical  Physics,  9,  3793,  2007,  (copy  as  attachment). 

The  article  and  this  research  was  highlighted  by  using  it  for  the  front  cover  of  the 
journal  (copy  as  attachment). 

Cristina  Apctrci  (PhD  student)  and  a  research  associate  Dr.H.Ding  carried  out  these 
studies  in  Basel. 

Using  the  LIF  approach,  with  a  same  source  as  that  produced  A1CCH,  we 
observed  an  electronic  transition  of  cyclic  AIC2.  This  is  proven  by  rotational  analysis 
of  the  structure  seen  in  the  spectrum,  predictions  given  by  ab  initio  calculations, 
carried  out  in  collaboration  with  Dr.lsabcllc  Navizet,  a  member  of  the  theoretical 
group  at  the  University  of  Mamee  la  Vallee,  France,  and  by  observing  this  transition 
with  the  R2C2PI  technique.  An  article  presenting  these  results  has  been  published: 

“Electronic  spectrum  of  the  AIC2  radical” 

E.Chasovskikh,  E.Jochnowitz,  E.Kim  and  J.P.Maier 

J. Physical  Chemistry  A,  1 1 1,  1 1986,  2007,  (copy  as  attachment). 

E.Chasovskikh  (PhD  student)  and  two  postdocs  in  the  group, 

Dr.E.Jochnowitz  and  Dr.Eunsoon  Kim  were  involved  in  these  investigations. 

Thus  the  year’s  project  has  been  successful:  laser  ablation  and  discharge  sources  have 
been  put  into  operation  for  the  production  of  aluminium  clusters,  the  electronic 
spectra  of  two  new  species,  linear  A1CCH  and  cyclic  AIC2  have  been  observed  for  the 
first  time  and  two  articles  published  on  this  in  leading  journals  of  chemical  physics. 
The  two  publications  acknowledge  the  sponsorship  by  EOARD,  as  will  the  third 
manuscript,  still  in  preparation. 
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During  Ihc  ire  of  this  EOARD  project,  in  collabo  >n  with  Prof.  Alan 
Knight,  Griffith  University,  Brisbane,  Australia,  who  spent  his  sabbatical  leave  with 
us  in  2007,  a  laser  vaporization  source  incorporating  two  rotating  rods  was  built.  In 
the  last  months  of  the  project  we  could  demonstrate  that  this  is  a  viable  approach; 
using  an  aluminium  and  carbon  rod  the  observed  spectrum  of  AIC2  could  be  readily 
obtained.  This  opens  up  the  possibility  of  producing  a  number  of  mixed  aluminium 
clusters. 

J.P.Maier  attended  the  annual  “Molecular  Dynamics  Contractors  Meeting”, 
20-22  May,  Irvine,  California,  U.S.A.,  on  the  invitation  of  Dr.M. Berman,  and 
presented  the  results  on  the  new  linear  A1CCH  and  cyclic  AIC2  species  in  a  poster. 
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The  electronic  spectrum  of  the  aluminium  containing  species  AICCH  has  been  detected  in  the  gas 
phase  in  (he  region  315-355  nm.  The  experiment  used  a  mass  selective  resonant  two-color  two- 
photon  ionization  technique  coupled  to  a  laser  ablation  source.  Structures  of  the  AICCH  isomers 
have  been  optimized  using  density  functional  theory  (DFT)  and  the  excitation  energies  to  the  low- 
lying  electronic  excited  states  calculated.  Based  on  the  analysis  of  the  observed  rotational 
structure  and  the  theoretical  data,  the  spectrum  is  assigned  to  the  A  'll  *-  X  'X1  electronic 
transition  of  linear  AICCH.  The  vibronic  band  system  is  complicated  by  the  Rcnner-Teller  effect 
in  the  excited  state.  The  assignment  yields  r/4"  =  516.4  cm  1  for  the  stretching  mode  in  the 
ground  X  'l+  state  and  iV  =  654  5  cm  1  for  A  1  n  excited  state,  Molecular  constants  determined 
from  the  rotational  analysis  arc  B{"  —  0.16487(14),  Bu'  “  0.17845(13)  and  T0  =  28  755.04  cm  1 
The  experimental  and  theoretical  data  indicate  a  shorter  Al-C  bond  in  the  A  'll  excited  than  the 
X  'l*  ground  state. 


1.  Introduction 

Over  the  past  thirty  years  of  radio  astronomy,  a  great  deal  has 
been  learned  about  interstellar  molecules  and  their  chemistry. 
Despite  this  progress,  there  arc  still  areas  of  molecular  astro¬ 
physics  where  challenges  remain.  One  of  these  concerns  the 
chemistry  and  distribution  of  molecules  containing  metals, 
Identifying  the  carriers  of  these  elements  in  the  interstellar 
medium,  including  circumstellar  gas,  is  crucial  for  the  evalua¬ 
tion  of  dust  grain  composition,  ionization  balance,  mass  loss 
and  elemental  depletions  from  evolved  stars. 

To  date,  nine  molecules  containing  the  metals  aluminium, 
magnesium,  sodium,  and  potassium  have  been  discovered 
toward  circumstellar  envelopes  of  carbon-rich  stars  such  as 
IRC  +■  10216  and  CRI.  2688  1  These  species  fall  into  two 
classes:  the  cyanides  MgNC,2  MgCN,’  NaCN,4  KCN,  and 
AINC5  and  the  halide  compounds  AIC1,  A1F,  KCI,  and 
NaCl.67  It  seems  that  the  most  common  metallic  element  in 
IRC  +  10216  is  aluminium  *  At  the  same  time  stable  species 
such  as  CO,  C2H2  and  HCN  have  been  detected  in  this  carbon- 
rich  objcci.‘M0  It  was  postulated  that  these  molecules  photo- 
dissociatc  in  the  star’s  outcrshcll  resulting  in  the  formation  of 
C;H.  C4H  and  CftH  radicals  11  The  products  could  react  with 
Al  atoms  to  form  AICCH,  a  molecule  with  potential  interest  in 
astrophysics. 

However,  how  metal  species  bond  to  hydrocarbon  species 
has  not  been  extensively  explored,  at  least  from  a  spectro¬ 
scopic  point  of  view.  Reaction  products  of  metal  atoms  and 
hydrocarbon  molecules  arc  important  for  understanding  che¬ 
misorption  and  catalytic  processes.  A  number  of  metal  atom 
reactions  with  acetylene  have  already  been  studied. 12-15  Alu¬ 
minium  adducts  with  acetylene  have  been  examined  using  tib 
initio  calculations,  and  a  number  of  stable  AI-C2H2  isomers 
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have  been  predicted.16-18  The  related  reaction  between  laser 
ablated  Al  atoms  and  acetylene  has  been  examined  using  IR 
matrix  isolation  spectroscopy. 19  It  was  found  that  Al  atom 
and  C1H2  form  the  AIC2H2  complex.  This  relaxes  in  the  matrix 
to  form  HAICCH  and  under  photolysis  produces  the  AICCH 
molecule. 

Several  gas  phase  studies  of  the  electronic  spectra  of  me¬ 
tal  ligand  radicals  such  as  MgCCII.  CaCCH  and  SrCCH  have 
been  reported.20  22  All  three  radicals  exhibit  an  A:n  «- 
X:I*  electronic  transition  in  the  visible  spectral  range  and 
it  could  be  concluded  that  replacing  a  H  atom  with  a  metal 
atom  results  in  a  linear  metal  acctylidc  species. 

In  this  article  the  electronic  spectrum  of  AICCH  is  presented 
and  analyzed  for  the  first  time.  The  experimental  technique 
used  two-color  two-photon  laser  ionization  in  a  supersonic 
molecular  beam. 

2.  Experiment 

The  experimental  instrument  consists  of  a  molecular  beam 
combined  with  a  mass  spectrometer. 27  The  beam  was  pro¬ 
duced  by  laser  ablation  of  an  aluminium  rod  in  the  throat  of  a 
pulsed  supersonic  expansion  of  1%  acetylene  in  helium  or 
neon  at  a  backing  pressure  of  - 10  bar  using  a  pulsed 
Nd:YAG  laser  for  ablation  (532  nm,  30  mj  pulse-1).  The 
carrier  gas  and  products  of  ablation  flowed  through  a  15  mm 
long,  3  mm  diameter  channel,  which  then  expands  into  a 
vacuum  chamber.  This  was  skimmed  to  form  a  collimated 
beam  of  neutral  and  ionized  molecules.  Ions  were  then  re¬ 
moved  by  a  perpendicular  electric  field  before  entering  the 
ionization  region  of  a  Wiley  McLaren  time-of-flight  mass 
spectrometer,24  where  the  molecules  were  irradiated  with  a 
pulse  of  tunable  ultraviolet-visible  radiation.  Following  a 
short  delay  the  molecules  were  exposed  to  a  pulse  of  193  nm 
photons  from  an  ArF  cxcimer  laser.  The  combination  of  the 
UV  and  the  193  nm  photons  was  sufficient  to  ionize  AICCH. 
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Fig.  1  Calculated  ground  stale  structures  of  A1CCH  using  DFT- 
B3LYP/aug-cc-pvlz  level  or  theory  (bond-lengths  in  A). 


The  signal  from  (he  microchanncl  plate  ion-detector  was  sent 
to  a  fast  oscilloscope  followed  by  data  acquisition. 

The  resonant  two-color  two-photon  (R2C2PI)  spectrum  of 
AICCH  was  investigated  over  the  300-700  nm  range.  Excita¬ 
tion  photons  were  provided  from  an  OPO  system  (~5  cm-1 
band-width)  for  the  vibronic  survey  scans.  A  pulsed  dye  laser 
was  used  (~0.l  cm  —  5  mj  pulse  ')  for  the  rotationally 
resolved  work.  Calibration  was  accomplished  using  a  wave- 
meter  for  the  vibronically  resolved  work.  The  dye  laser  was 
calibrated  with  optogalvanic  spectra  obtained  from  a  Fe/Ne 
hollow  cathode  lamp. 

3.  Theoretical  calculations 

Ah  initio  calculations  were  carried  out  with  the  GAUSSIAN 
98  suite  of  programs.25  Geometry  optimizations  and  energy 
calculations  for  two  isomers  (Fig,  1)  have  been  performed  at 
the  B3l.YP/aug-cc-pvlz  level  of  theory.  The  calculated  har¬ 
monic  vibrational  frequencies,  rotational  constants  and  dipole 
moments  in  the  ground  states  of  linear-AICCH  and  cyclic- 
HA1CC  arc  listed  in  Tables  I  and  2.  The  results  are  in 
agreement  with  those  obtained  with  the  CASSCF  method.19 
These  show  that  the  linear  structure  is  more  stable  than  the 
cyclic  one  by  41.1  kj  mol  '.  Calculations  for  other  isomers, 
such  as  HAICC,  bent-AICCH,  have  been  carried  out  and 
indicate  that  HAICC  is  unstable  and  converges  to  cyclic- 
HAICC,  while  bent-AICCH  leads  to  the  linear-AICCH. 

The  electronic  configuration  of  the  ground  state  linear- 
AICCH  is  . .  .|8cr]* 2 *(37t]‘‘|47r]-*|9tT]:!.  X'Z"  and  . .  [3b2]2[2b , ]2- 
|7a|]2[8at]2,  X  'A,  for  the  cyclic-HAICC.  Ah  initio  calculations 
of  the  excited  states  were  undertaken  using  time-dependent 
density  functional  theory.26  The  ground  state  of  linear-AICCH 
is  dominated  by  the  . .  .47t49cr2  electronic  configuration. 
Promotion  of  the  electron  from  9 cr  -*  5tt  leads  to  the 


Table  2  Calculated  energies,  rotational  constants  and  dipole 
moments  in  the  ground  stale  of  linear  and  cyclic  isomers  al  the 
DFT-B3LYP/aug-cc-pvlz.  level 


AICCH  (Cxv) 

HAICC  (C2v) 

Mem  1 

1.5571 

5/cm"1 

0.16385 

0.3668 

C/cm  1 

0.3034 

DJDe  bye 

0.549" 

4.530" 

Ej  a.u. 

-319.216 

-319.153 

A  £/cV 

0.0 

1.71 

"  Dipole  moment  along  the  C,  and  C2  axis,  respectively. 


. .  .[8a]2[37t]4[4a]4[9a]l[5rt]1  configuration,  resulting  in  the 

A  'll  first  electronic  excited  stale.  The  8at  -*  4b2  excitation 
for  the  cyclic-HAICC  leads  to  the  •  ■  [3b2]2[2bi]2[7a  |]2- 
|8ai]'(4b2]'  configuration,  resulting  in  the  A  'B2  excited  state. 
The  calculated  vertical  electronic  excitation  energies  and  os¬ 

cillator  strengths  (/)  for  the  linear  and  cyclic  isomers  arc  listed 
in  Table  3. 


4.  Results  and  discussion 

4.1  Electronic  spectrum  and  the  carrier 

Fig.  2  displays  the  electronic  spectra  of  AICCH  ( m/s  =  52) 
and  its  isotopomer  (mjz  =  53)  obtained  by  laser  ablation  of  an 
Al  rod  in  the  presence  of  I  %  C2H2  in  a  He  gas  mixture.  The 
maxima  of  the  vibronic  bands  arc  listed  in  Table  4. 

The  overall  appearance  of  the  origin  band,  measured  al  0.1 
cm' 1  resolution,  shows  the  general  PQR  pattern  expected  for 
a  linear  'n  «-  X  transition.  Ah  initio  calculations  predict 
that  linear-AICCH  with  Cxv  symmetry  is  the  most  stable 
isomer.  The  second  isomer  (cyclic-HAICC)  is  a  local  minimum 
located  ~  1 .7 1  cV  higher  in  energy.  Based  on  this  energy 
difference  it  could  be  expected  that  linear-AICCH  will  be  the 
major  contributor  to  the  observed  spectrum  in  a  supersonic 
molecular  beam.  The  TD-DFT  calculations  predict  that  the 
vertical  transition  energy  of  the  A'H  «-  x'Z*  system  of 
linear-AICCH  is  3.64  eV  (Table  3).  This  is  in  good  agreement 
with  the  observed  transition  energy  (3.57  eV)  of  the  origin 
band.  The  transition  energy  for  the  cyclic  isomer  is  also  in 
the  range  of  the  experimental  spectrum  but  is  likely  to  have 
a  minor  contribution  due  to  its  weak  oscillator  strength 


Table  3  Vertical  transition  energies  and  oscillator  strengths  (/)  for 
linear  and  cyclic  isomers  at  the  optimized  ground  stale  geometries 
calculated  using  TD-DFT  with  aug-cc-pvtz  basis  sets 


AICCH  (Cxv)  HAICC  (C2v) 


Tablet  Ah  initio  calculated  harmonic  vibrational  frequencies  (cm  ')  Stale 

for  linear  and  cyclic  isomers  in  their  ground  slates  at  the  DFT-B3LYP/  - 

aug-cc-pvtz  level  X 


Frequencies 

AICCH  (C,„) 

HAICC  (C2v) 

2 

3 

4 

"  i 

3438  (a) 

2028  (a,) 

V 2 

2065 (a) 

1807  (a,) 

5 

"3 

733  (rt) 

754  (a,) 

6 

V* 

503  (c) 

522  (bi) 

7 

vs 

132  (n) 

459  (b,) 

8 

Of, 

415  (bo) 

9 

To/eV  / 


0.00  ('I') 

3.64  ('ll)  9.9  x  I0'2 

4.70  ('I  )  0 

4.77  ('A)  0 

5.62  ('l')  4.1  x  I0‘2 

5.78  ('!'  )  1.5  x  10"' 

5.85  ('ll)  6.8  x  IQ*3 

5.87  ('I')  2.1  x  10  1 
6.25  ('Z  1  )  l.l  x  10  1 
6.84  ('ll)  5.1  x  10  2 


To/eV  / 


0.00  (’A,) 

3.83  ('B,)  1.6  x  10“’ 
4.04  C'B,)  1.1  x  10  1 
4.58  ('A2)  0 

4.81  ('A,)  7.6  x  10"' 
5.57  (’A,)  3.1  x  10  2 

5.84  C’B,)  3.2  x  10' 2 
6.01  ('B;)  5.6  x  I0-’ 
6.17  ('A,)  0 

6.22  ('B:)  5.6  x  10  2 


Experiment 

TJc\ 


3.57 
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Fig.  2  Observed  A 'll  «-  X'X  +  electronic  spectra  of  AICCH  and 
AICCD  measured  by  a  resonant  two-color  two-photon  ionization 
technique  in  a  supersonic  molecular  beam. 


(Table  3).  Other  predicted  high  lying  transitions  for  both 
the  linear  and  cyclic  isomers  were  beyond  the  range  of  the 
probe  laser. 

4.2  Vibronic  bands  of  AICCH 

The  observed  spectrum  is  assigned  as  the  A  'n  •-  X  '^elec¬ 
tronic  transition  of  linear  AICCH.  The  vibronic  bands  reveal  a 
complicated  structure  (Fig.  2).  Band  1  is  assigned  as  the  origin 
transition  because  it  is  the  first  strong  peak  in  the  low  energy 
region  and  is  not  sensitive  to  the  experimental  conditions 
(temperature).  The  determined  T0  of  the  origin  band  is  3.57 
cV.  which  is  in  good  agreement  with  the  calculated  value  (3.64 
cV).  Band  2',  located  516.4  cm-1  to  the  red  of  the  origin  is 
assigned  as  the  4“  transition,  the  1/4"  Al  C  stretching  motion  in 
the  ground  state.  This  value  is  in  accord  with  the  calculated 
(503  cm  ')  and  matrix  (512.8  cm  ')  data.19  Upon  deuteration, 
the  band  hardly  shifts  (516.4  cm  1  to  513.6  cm-1),  indicating 
that  the  vibrational  motion  involves  only  the  Al  and  C  atoms. 


Table  4  Vibronic  bands  in  the  A  'n  «-  X'X'  system  of  AICCH  and 
AICCD 


I'jcm  1 

Ai//cm  1 

Label 

AICCH 

AICCD 

AICCH 

AICCD 

Assignment 

2' 

28  233.3 

28  293.3 

-516.4 

-513.6 

4','  (Al-C  stretch) 

1' 

28  624.8 

28  577.1 

-126.0 

229.7 

Hot  band 

1 

28  749.7 

28  806.9 

0 

0 

0o  (A  'll  ~  X'X') 

2 

28  784.1 

28  843.3 

34.4 

36.4 

i/,'  (AICC  bend) 
i/s'  (AICC  bend) 
i/3'  (CCH  bend) 

3 

28  864.3 

28  921.9 

114.5 

115 

4 

29  149.6 

29  103.7 

399.9 

29  6.9 

5 

29  404.2 

29  435.4 

654.5 

628.5 

4y  (Al  C  stretch) 

6 

29  427.0 

29  468.1 

677.3 

661.2 

(AICC  bend) 

7 

29  505.7 

29  563.3 

756.0 

756.5 

(AICC  bend) 

8 

29  623.8 

29  635.9 

874.0 

829.1 

(AICC  bend) 

9 

29  721.5 

29  740. 1 

971.8 

933.2 

(AICC  bend) 

10 

29  857.3 

29  921.7 

1107.6 

1114.8 

(AICC  bend) 

11 

30  051.2 

30  081.0 

1301.5 

1274.1 

4(2i  (Al  C  stretch) 

12 

30  310.8 

30  332.9 

1561. 1 

1526.0 

13 

14 

30  485.5 
30  640.0 

30  491.1 

1735.8 

1890.0 

1684.2 

Band  2  is  located  34.4  cm  1  to  the  blue  of  the  origin. 
Theoretical  calculations  predict  that  the  lowest  vibrational 
frequency  1/5",  is  about  130  cm  which  is  much  larger  than 
34,4  cm  '.  However,  in  the  degenerate  A'n  stale,  the  1/5' 
vibrational  mode  of  n-symmetry  is  subject  to  a  Renner-Teller 
effect.  This  causes  vibrational  levels  with  v5'  0  to  split  into 

components.  There  arc  two  vibrational  modes  1/3 '  and  //5'  with 
jt-symmetry  for  linear  AICCH.  The  observed  vibronic  pattern 
indicates  that  both  t/j'  and  /V  arc  involved  in  the  Renner 
Teller  interaction.  Bands  2  and  3  can  be  assigned  as  the 
transitions  arising  from  components  of  1/5',  supported  by  the 
small  shift  upon  deuteration.  Band  4  shows  a  large  isotopic 
change  and  thus  is  assigned  as  a  component  of  the  CCH 
bending  mode  1/3'.  The  calculations  give  the  vibrational  fre¬ 
quency  of  the  Al  C  stretch  mode  as  600  cm  1  in  the  A  'n  state, 
leading  to  the  attribution  of  bands  5  and  1 1  as  the  4i  and  4(1 
transitions.  A  clear  designation  for  individual  bands  is  difficult 
because  of  the  Renner-Teller  effect  on  1/3 '  and  1/5'  modes.  The 
suggested  vibronic  assignments  are  given  in  Table  4. 

4.3  Rotational  structure 

The  origin  band  of  the  A'n  «-  X'X  +  transition  that  was 
rotationally  resolved  with  a  modest  resolution  of  0.1  cm'1, 
along  with  the  simulation  of  the  spectrum  based  on  the  least 
squares  fit  of  the  lines  arc  shown  in  Fig.  3.  To  obtain  a  fit,  the 
X  +  and  If  symmetries  in  the  X  and  A  states  as  predicted  by  cib 
initio  calculations  for  the  linear  isomer  were  used. 

The  calculated  ground  state  rotational  constant  (Tabic  2) 
was  used  as  a  reasonable  starting  point  in  the  simulation.  The 
P-branch  band-head  shows  that  the  rotational  constant  in  the 
excited  state  is  larger.  The  simulation27  was  performed  by 
systematically  adjusting  the  rotational  constant  in  the  A  1  n 
state,  while  varying  the  spectroscopic  line-width  from  0. 1  cm  1 
to  0.2  cm'1  and  rotational  temperatures  from  25  to  50  K. 
Good  agreement  between  the  experiment  and  simulation  was 
achieved  using  0.16  cm  1  and  45  K.  Variations  in  line 


Fig.  3  The  origin  band  in  the  A 'll  «-  X  'X  '  electronic  transition  for 
the  AICCH.  The  rotational  temperature  employed  in  the  simulation  is 
45  K 
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Table  5  Molecular  puramclcrs  determined  from  the  least  square  fit  of 
the  spectrum  lor  AICCH 


Parameter  X 'Z '  A  'fl 

Talon  1  0  28  755.0455(50)“ 

BoJcm  1  0.15487(14)"  0.17845(13)“ 

/•Ai  c/A  1.96830  1.85235 

"  Values  in  parentheses  denote  one  standard  deviation  and  apply  to 
the  last  digits  of  the  constants. 


intensities  between  the  experimental  and  simulated  spectra  arc 
mainly  due  to  the  ablation  source  instability. 

Rotational  line  assignments  were  made  by  comparing  the 
observed  spectral  lines  with  the  calculated  ones.  The  linear 
least  square  lit  was  performed  using  forty  rotational  lines  and 
floating  the  rotational  constants  for  ground  and  excited  state. 
The  derived  spectroscopic  constants  arc  given  in  Table  5. 
Higher  order  terms,  such  as  centrifugal  distortion  or  lamb¬ 
da-doubling  parameter,  q,  were  not  included  in  the  model  as 
the  spectral  resolution  used  was  inadequate. 

Table  6  lists  the  frequencies  recorded  for  20  separate  rota¬ 
tional  transitions  of  linear  AICCH.  The  lines  arc  assigned  us 
part  of  the  R-branch.  The  analysis  indicates  that  while  this 
branch  partially  overlaps  with  Q-  and  P-ones,  the  assignment 
of  the  R-lincs  was  possible  because  their  intensity  is  higher. 
Individual  overlapping  lines  from  the  Q-branch  can  not  be 
easily  distinguished  due  to  high  density  of  spectral  lines.  The 
shape  of  the  P-branch  is  of  a  band  head,  thus  making 
individual  line  assignment  difficult.  The  To  line  calculated 
from  the  simulations  is  at  28  755.04  cm  '. 

The  derived  rotational  constant  analysis  shows  that  the 
AI  C  bond-length  decreases  significantly  in  the  A  'fl  electro¬ 
nic  excited  state  (Table  5).  This  indicates  that  Al-C  is  more 
bonding  in  the  excited  than  in  the  ground  state.  The  potential 
energy  curves  along  the  Al-C  bond  stretching  coordinate  for 
the  ground  and  the  excited  states  have  been  calculated  for  a 
better  understanding  of  the  bonding  changes  (Fig.  4).  These 


Table  6  Observed  rotational  frequencies  in  the  R-branch  of  the  0|j 
band  in  the  A  II  •-  X  'Z  '  electronic  transition  of  linear  AICCH 


r  -  r 

v»Jcm  1 

l^oh*  Kale/cm 

12  -  11 

28  760.9509 

0.0155 

13  -  12 

28  761.6339 

0.0153 

14  -*  13 

28  762.3640 

0.0349 

15  -  14 

28  763.0964 

0.0296 

15  -.  15 

28  763.8568 

0.0250 

17  -  16 

28  764.6909 

0.0669 

18  -  17 

28  765.4266 

-0.0168 

19  -  18 

28  766.2723 

-0.0178 

20  -  19 

28  767.1661 

0.0021 

21  -  20 

28  768.0839 

0.0187 

22  -  21 

28  768.9984 

0.0048 

23  -  22 

28  769.9609 

0.0177 

24  23 

28  770.8994 

-0.0327 

25  -  24 

28  771.9548 

0.0126 

26  -  25 

28  772.9620 

-0.0176 

27  26 

28  774.0380 

-0.0062 

28  -  27 

28  775.1175 

-0.0188 

29  -  28 

28  776.2622 

0.0071 

30  ->  29 

28  777.3382 

-0.0632 

31  -  30 

28  778.5758 

0.0008 

Fig.  4  Calculated  potential  energy  curves  along  Al-C  bond  stretching 
coordinate  using  OFF  method  with  uug-cc-pvtz  basis  sets. 


give  an  AI  C  bond-length  as  1.977  A  in  the  X  ‘l*  and  1.775  A 
in  the  A  'll  state,  a  ~I0%  decrease.  The  constants  inferred 
from  the  rotational  analysis  yield  a  decrease  of  ~6%.  The 
calculations  indicate  that  the  highest  occupied  molecular 
orbital  (HOMO),  9a,  is  78%  dominated  by  the  3s  orbital  of 
AI  atom,  antibonding  in  nature,  whilst  the  lowest  unoccupied 
molecular  orbital  (LUMO).  5n,  is  largely  (92%)  the  3p»3p,. 
atomic  orbital  of  AI  with  bonding  character.  The  transition  of 
the  electron  from  the  HOMO  to  LUMO  leads  to  a  decrease  in 
the  Al-C  bond-length.  This  effect  has  also  been  observed  in  the 
isoclectronic  molecule  AICN,2*  as  well  as  in  other  metal  mono- 
acctylides,  such  ns  MgCCH,2'1  CaCCH21  and  SrCCH.22 


5.  Conclusions 

An  electronic  spectrum  of  linear  AICCH  has  been  obtained 
using  a  resonant  two-color  two-photon  ionization  technique. 
The  complicated  vibronic  structure  in  the  A 'l  l  «-  X'Z'  band 
system  is  due  to  a  Renner-Teller  effect  involving  the  two 
vibrational  modes,  i/j'  and  1/5'.  An  analysis  yields  1/4"  = 
516.4  cm  1  for  the  stretching  mode  in  the  ground  state  and 
1/4'  =  654.5  cm*1  in  the  A  1  n  state. 

The  rotational  structure  apparent  for  the  origin  band  shows 
that  AICCH  is  linear  both  in  its  ground  X  'Z 1  and  first  excited 
A'n  electronic  state,  the  latter  being  characterized  by  a 
decrease  in  the  Al-C  bond-length,  a  behavior  similar  to  other 
metal  mono-acetylidcs. 

Regarding  the  astrophysical  interest  it  is  difficult  to  compare 
the  observed  AICCH  electronic  transitions  with  the  diffuse 
interstellar  bands  data  because  there  arc  few  discrete  absorp¬ 
tions  below  ~400  nm.29  However,  AICCH  is  likely  to  be 
present  in  carbon-rich  stars  where  the  isoclectronic  molecule 
AINC  as  well  as  other  aluminium-bearing  compounds  have 
been  detected,  in  particular  in  IRC  +  10216  and  CRL  2688. 5-6 
Although  AICCH  is  closed-shell,  it  probably  lacks  the  stability 
of  more  robust  species  such  as  AIF  and  AIC1  detected  in  the 
dense  inner  envelope  of  these  stars.  Thus  one  would  expect  to 
find  aluminium  acctylidc  toward  the  outer-shell.  The  rota¬ 
tional  constants  deduced  here  also  may  provide  the  basis  for 
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ihc  search  of  the  millimeter-wave  spectrum  of  AICCH  in  the 
laboratory. 
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An  electronic  transition  of  the  AIC:  radical  (C;,  structure)  has  been  observed  using  laser-induced  fluorescence 
spectroscopy.  The  molecule  was  prepared  in  a  supersonic  expansion  by  ablation  of  an  aluminum  rod  in  the 
presence  of  acetylene  gas.  A  spectrum  was  recorded  in  the  451-453  nm  region  and  assigned  to  the 
C-B.’-A':A|  system  (7o  =  22102.7  cm'1)  based  on  a  rotational  analysis  and  agreement  with  calculated 
molecular  parameters  and  excitation  energies.  Ab  initio  results  obtained  using  couple  cluster  methods  are  in 
accord  with  previous  theoretical  work  which  concludes  that  ground-state  AIC;  possesses  a  T-shaped  C’>  :A| 
geometry,  with  the  linear  AICC  isomer  0.70  eV  higher  in  energy.  A  fit  of  the  experimental  spectrum 
yields  rotational  constants  in  the  ground  and  electronically  excited  states  that  are  in  reasonable  agreement 
with  the  calculated  values:  A"  -  1.7093(107).  B"  =  0.405*2(50).  C"  =  0.3228(49)  cm'1  for  the  A':A,  state, 
and  A'  =  1.5621(137).  B'  =  0.4028(46),  C  —  0.3201(54)  cm'1  for  C.’:B;.  Variation  in  individual  fluorescence 
lifetimes  suggests  that  the  emitting  C  :B;  state  undergoes  rovibronic  mixing  with  lower  lying  electronic  states. 


Introduction 

Metal  carbides  play  an  important  role  in  the  field  of  catalytic 
reactions,  mainly  due  to  the  large  surface  areas  that  they  tend 
to  possess.  Other  recent  advances  in  coating  technologies  have 
further  fueled  research  in  these  compounds.  Interest  in  gas-phase 
studies  stems  from  the  fact  that  smaller  metal  carbides  are 
predicted  to  exist  in  space.  While  carbon  is  the  most  abundant 
heavy  element  in  interstellar  space,  aluminum  compounds 
containing  halides,  such  as  AICI  and  AIF,  as  well  as  AINC, 
have  been  detected  in  the  inner  circutnstellar  envelopes  of 
carbon-rich  stars  through  their  rotational  transitions.1-2 

Dicarbides  became  a  curiosity  when  both  experiments  and 
theory  demonstrated  that  SiC;  possesses  a  T-shaped  geometry,’ 4 
which  was  in  direct  conflict  with  the  linear  ground  state  structure 
of  Ci.5'6  Among  theorists,  there  is  general  agreement  that  AIC; 
also  has  a  T-shaped  structure,  with  the  C;,  conformation  33.5— 
46  kj  mol'1  more  stable  than  the  linear  geometry.7'11  The 
high  electron  affinity  of  C;  also  suggests  that  stable  dicarbidcs 
arc  likely  formed  with  electropositive  metals  possessing  low- 
ionization  potentials,  such  as  Al.  Mg,  or  B.1-'  Similarly, 
vibrational,  rotational,  and  hyperfinc  structure  in  high-resolution 
spectra  for  the  A  :A|  -  A‘:A|  transition  of  T-shaped  YC;  have 
also  been  analyzed. I3-1J  Optical  Stark  measurements  on  the 
origin  band  led  to  the  determination  of  a  large  dipole  moment 
(6.38  D  in  the  A'2A|  state)  confirming  that  the  bonding  in  YC; 
is  highly  ionic.15  Any  structural  parameters  obtained  from 
studying  AIC;  will  help  expand  the  understanding  of  more 
complex  metal  carbide  systems.  Spectroscopically  determined 
constants  offer  a  means  to  identify  these  molecules  in  interstellar 
environments. 

Recent  structural  calculations  found  that  the  C;,.  T-shaped 
structure  is  more  stable  than  the  linear  C_,  geometry  by  47.66 
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kJ  mol'1  using  a  single  point  QCISD(T)  calculation  (36.69  kJ 
mol-1  using  DFT  B3LYP).10  The  same  study  reports  a  37.20 
kJ  mol'1  barrier  (B3I.YP)  for  isomerization  from  the  T-shape 
to  linear  form,  versus  a  0.50  kJ  mol'1  barrier  for  the  reverse 
reaction,  thus  indicating  that  any  linear  C’„,,  AIC;  will  be  easily 
converted  into  the  C;,.  isomer. 

Previous  experimental  work  on  the  AIC;  radical  includes 
electron  spin  resonance  studies  in  rare  gas  matrices.16  Here,  the 
T-shaped  structure  of  AIC;  was  confirmed  and  led  to  the 
assignment  of  the  A/2A|  ground  state.  Bonding  characteristics 
were  also  analyzed,  indicating  that  the  aluminum  atom  interacts 
with  C;  by  donating  electron  density  to  the  more  electronegative 
C;  through  both  a—  and  n'-molecular  orbitals. 

Although  AIC;  has  not  yet  been  detected  in  the  IR,  theoretical 
methods  have  been  used  to  calculate  vibrational  frequencies  in 
the  ground  state:  a  single  point  QC1SI)  optimization  yielded 
the  low-frequency  b;  mode  (404.8  cm'1)  and  the  two  ai 
vibrational  modes  (624.4  and  1761  cm  1 ). 10  CASSCF  theory 
with  a  VD/.  basis  set  reports  frequencies  of  442.  680.2,  und 
1733.1  cm  1  for  the  same  vibrations." 

The  energy  difference  between  the  A' 2  A ,  and  A  :Ai  states  in 
neutral  AIC;  was  determined  as  0.98  cV  through  an  analysis  of 
the  photoelectron  spectrum  of  the  AIC;"  anion.17  A  vibrational 
progression  was  assigned  to  a  590  cm'1  Al-C;  stretch  in  both 
the  ground  and  excited  2A|  states. 

Rotational  constants  for  the  equilibrium  structures  of  the 
T-shaped  AIC;  radical  were  calculated  as:  A0  =  50.76,  Bc  = 
12.00.  and  Cc  =  9.705  GHz.7  A  more  recent  study,  using  a 
B3LYP/6-3I  IG(d)  method,  reports  Ae  =  52.657,  B,  =  1 1.8 14, 
and  Cc  =  9.650  GHz  for  a  similar  T-shaped  structure.11 

Experimental  Section 

Jet-cooled  AIC;  was  produced  using  laser  vaporization  (S32 
nm)  of  a  pure  aluminum  rod  in  the  flow  of  5%  acetylene  in 
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TABLE  1:  Optimized  Geometry  for  X  JA(  (Cj»)  AlCj  and 
Calculated  Vibrational  Frequencies  (cm  ') 


CCSIXT)  OC'ISD/6-31  IG*  (ref  10) 
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TABLE  2:  Vertical  Transition  Energies  (eV)  for  Excitations 
with  Transition  Moments  Greater  than  0.2  a.u..  Calculated 

at  the  Minimum  Geometry 

transition 

CASSCF 

MRCIt-Q 

transition  moment  (a.u.) 

•4:A,  A"A, 

1.195 

1.200 

0.995  (Z) 

/•‘:A|  -A  3Ai 

3.011 

-0.470  (Z) 

e:b<  d!B- 

0.809 

0.394  (Z) 

fl3Bi  —  A  !A| 

1.024 

-0.334  (A) 

/!>  ’B,  X  :Ai 

2.947 

3.271 

0.335  (X) 

b  JB,  -  A  :Ai 

1.752 

-0.230  ( X) 

f;B?  ,V ;  A  i 

2.770 

2.752 

0.471  (F) 

fc-B-  A':A 

3.580 

3.830 

0.422  (F) 

k  :B:  -  A  :Ai 

2.385 

0.367(F) 

helium  or  argon  gas  (10  bar)  provided  by  a  0.3  mm  orifice- 
pulsed  valve.  The  rod  was  rotated  and  translated  so  that  a  fresh 
surface  was  continuously  exposed  to  the  laser,  which  was  fired 
to  coincide  with  the  gas  llow  over  the  target  area.  The 
vaporization  plume  flows  through  a  channel  (3  mm  diameter 
by  5  mm  long)  before  undergoing  a  ffcc-jct  expansion. 

The  resulting  Alt’:  radicals  arc  then  probed  through  laser- 
induced  fluorescence  (LIF)  using  an  cxcimcr-pumpcd  dye  laser 
(0,15  cm'1)  with  a  wavemeter  used  for  frequency  calibration. 
The  fluorescence  signal  was  collected  by  an //I  lens  and  detected 
using  a  photomultiplier  and  a  digital  oscilloscope. 

Results 

Ab  initio  calculations  using  the  MOl.PRO  program1*  with 
an  aug-cc-pVQZ  basis  set  of  Dunning  ct  al.19-20  were  carried 
out  for  the  electronic  states  of  AlC;.  The  coupled  cluster  with 
perturbative  triples  (C'CSD(T))  method  was  used  for  the 
description  of  the  A’  :A|  ground  state.  For  comparison,  the 
ground-state  linear  22„ 1  isomer  AlC'C  was  also  calculated  and 
found  to  lie  0.70  eV  higher  in  energy.  The  optimized  geometries 
for  the  electronic  Cj,,  ground  state  and  the  harmonic  frequencies 
of  the  fundamental  vibrational  transitions  arc  compared  with 
previous  work  in  Table  l.,u 

The  vertical  transition  energies  for  the  lowest  excited  states 
whose  transition  moments  are  greater  than  0.2  au  arc  listed  in 
Table  2  at  the  ground  state  equilibrium  geometry.  Full  valence 
CASSCF  calculations  were  performed  with  8  states  (3  ai,  2  b|, 
2  b:,  I  aj.  all  in  C‘>  symmetry).  Higher  level  calculations  for 
vertical  transitions  originating  from  the  A':A|  state  have  ulso 
been  performed  at  the  MRCI  level  of  theory  with  the  results 
listed  in  Table  2.  Finally,  the  excited  state  has  been 

optimized  at  the  MRCI  level  of  theory  in  C'i,  geometry.  The 
minimum  lies  2.684  eV  above  the  A'-’A|  ground  state.  The 
geometries  calculated  for  the  upper  and  lower  states  arc  shown 
in  Figure  1. 

The  bottom  trace  in  Figure  2  shows  the  experimental  spectrum 
(0.15  cm*1  resolution)  for  the  C:Bj-A'2Ai  transition  of  AlCj. 
The  signal  w'as  dependent  on  the  presence  of  aluminum.  The 
spectrum  was  not  observed  when  acetylene  was  missing  from 
the  buffer  gas  mixture,  indicating  that  carbon  and/or  hydrogen 
must  be  present  in  the  spectral  carrier.  Substituting  dcuterated 
acetylene  had  no  effect,  thus  eliminating  the  role  of  hydrogen. 


X  2A|  C  2B2 

Al  Al 


Figure  1.  Optimized  geometries  for  the  AlCj  radical  calculated  at  the 
CASSCF  level  of  theory. 

The  recorded  spectrum  was  thus  assigned  to  the  C:Bt-A':A| 
transition  of  A1C%,  one  of  the  stronger  transitions  listed  in  Table 
2,  based  on  its  observed  frequency.  Scanning  to  the  red  revealed 
no  additional  band  systems,  thereby  allowing  a  confident 
assignment  of  the  observed  band  as  the  origin  of  the 
C2B:-A'2Ai  transition. 

Decay  curves  were  measured  for  21  rotational  peaks  in  the 
origin  band  of  the  C  2B;-A'  -  A  i  transition  of  AlC;,  in  the  range 
from  22  065  to  22  116  cm'1.  The  decay  curves  appeared 
exponential  and  were  found  to  vary  from  140  to  640  ns.  This 
substantial  scatter  is  shown  graphically  in  Figure  3  where  the 
measured  lifetimes  arc  plotted  above  a  portion  of  the  experi¬ 
mental  spectrum  reproduced  from  Figure  2. 

Discussion 

A  rotational  analysis  using  the  program  “WANG"  was 
performed  with  a  conventional  Hamiltonian  for  an  asymmetric 
top  assuming  a  6-type  transition  in  a  C>,  molecule.21  In  particular 
six  Q-branch  heads,  which  arc  associated  with  AA'  ±  I  sub¬ 
bands  that  result  from  the  perpendicular  nature  of  the  transition, 
were  used  to  guide  the  fit.  These  are  labeled  in  Figure  2  using 
the  notation  Q(A','  —  K").  In  all.  a  selection  of  14  lines, 
including  P-branch  lines  from  the  K,'  —  K"  (3—4)  and 
K,'  —  K,"  (1-0)  manifolds,  was  included  in  the  least-squares 
optimization  to  obtain  the  best  parameters  for  the  rotational 
analysis.  Any  increase  in  the  number  of  fitted  lines  tended  to 
be  detrimental  to  achieving  a  successful  fit,  presumably  because 
of  the  substantial  blending  of  lines  due  to  the  limited  resolution 
achievable  in  measuring  the  experimental  spectrum.  The  tem¬ 
perature  used  for  modeling  the  spectrum  was  70  K  and  the  line 
width  was  fixed  at  0.15  cm*1.  The  resulting  simulation  is  shown 
as  the  upper  trace  in  Figure  2. 

As  with  SiC;,3  the  two  carbon  atoms  in  this  molecule  arc 
equivalent  and  interchangeable  through  rotation  around  the  “a”- 
incrtial  axis.  In  a  near-prolate  asymmetric  top,  equivalent  zero 
spin  nuclei  that  arc  symmetric  with  respect  to  rotation  about 
the  "6"-axis  will  produce  alternation  in  the  J  structure.  Here,  in 
a  Ci,.  geometry,  the  equivalent  zero-spin  nuclei  are  identical 
through  2-fold  rotation  about  the  o-axis,  producing  alternation 
in  the  K  rotational  structure  (A'a).  For  Alt':  the  nuclear  spin 
statistical  weights  of  odd  AY'  levels  (A,"  =1,3,  ...)  arc  zero, 
hence  there  should  be  no  evidence  of  any  sub-bands  originating 
from  these  states.  Taking  into  account  these  alternation  effects 
is  essential  for  the  fitted  spectrum  to  more  closely  resemble 
the  observed  one,  offering  further  verification  of  the  spectral 
carrier. 

However,  as  may  be  seen  from  the  comparison  shown  in 
Figure  2,  a  perfect  fit  between  the  rotational  analysis  and  the 
experimental  spectrum  was  not  achieved.  This  may  be  attributed 
to  two  factors.  One  possibility  is  that  £2U2  rovibronic  levels 
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Figure  2.  The  origin  band  in  the  C:Bj  —X  3A|  electronic  transition  for  AlC’,  recorded  via  laser-induced  fluorescence.  The  lower  trace  is  the 
experimental  spectrum,  while  the  upper  trace  depicts  the  simulated  fit.  Q-branch  heads  that  arc  associated  with  A K  ±  1  sub-bands  and  were  used 
to  guide  the  spectral  fit  are  labeled  Q(K,‘  -  K,"). 
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Figure  3.  The  origin  band  in  the  C  JBi  —  X1A\  electronic  transition 
for  A1C2,  reproduced  from  Figure  2.  Above  the  spectrum  lie  depictions 
of  the  fluorescent  lifetimes  measured. 

are  perturbed  as  a  result  of  rovibronic  coupling  with  levels 
associated  with  lower  lying  electronic  states.  These  can  include 
near-degenerate  b2  levels  of  the  A  2A|  and  A'2A|  states  or  lower 
lying  quartet  states  that  have  not  yet  been  located.  Through 
vibronic  and  Coriolis  operators  At,  A’,  and  Bi  states  may  also 
interact  in  a  rotational-dependent  manner,  thus  perhaps  also 
perturbing  the  observed  system. 

The  lifetimes  of  various  lines  in  the  spectrum  were  measured 
in  an  effort  to  qualitatively  examine  the  extent  of  mixing  among 
the  electronic  states  in  AlC,,  giving  rise  to  the  wide  varia¬ 
tion  in  r  depicted  in  Figure  3.  In  an  earlier  study  on  the 
A  lB|-A/|A|  transition  of  SiH,  (Q,.),  wide  variations  in  the 
fluorescent  lifetimes  of  individual  rotational  lines  (few  nano¬ 
seconds  to  >  I  fis)  were  attributed  to  rovibronic  perturba¬ 
tions.22-21  Specifically,  rovibronic  levels  in  the  SiH’,4  lB|  state 
mix  with  background  levels  from  cither  the  lower  lying  a  5B| 
state  or  highly  excited  vibrational  levels  from  the  A' 1  Ai  ground 
state,  leading  to  perturbations  in  the  energy  levels  and  oscillator 
strengths  and  thus  making  a  spectral  fit  impossible  using  a 
standard  rotational  Flamiltonian.  Similar  behavior  has  also  been 
reported  for  the  fluorescence  decay  rates  found  in  the  Si  (A1  A:) 
states  of  formaldehyde.24-25 

This  mixing  can  be  sensitive  to  rotational  quantum  number26 
and  the  proximity  and  identity  of  near  degenerate  background 
states,  leading  to  seemingly  random  perturbations  in  oscillator 
strengths  and  energy  level  positions  and  thereby  influencing  the 
experimental  measurement  of  the  rotational  contour.  Figure  3 
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shows  that  some  Q-branch  band  maxima  associated  with  the 
AA'  ±  I  sub-bands  possess  lifetimes  up  to  2-3  times  longer 
than  other  lines.  These  longer  lifetimes  may  arise  due  to  quartet 
dilution,  whereby  a  substantial  fraction  of  spin  forbidden  quartet 
character  is  added  to  the  emitting  C2B:  state.  Conversely,  other 
high  /-levels  demonstrate  shortened  lifetimes,  which  may  be 
due  to  a  stronger  coupling  with  b2  vibronic  states  from  the 
A  2A|  and  A'2A|  electronic  states,  resulting  in  increased  non- 
radiativc  decay  rates. 

A  second  reason  for  the  imperfect  fit  to  the  experimentally 
observed  spectrum  may  derive  from  a  non-Boltzmann  temper¬ 
ature  distribution  in  the  jet:  that  is,  in  an  expanding  jet  the 
./-levels  cool  more  efficiently  than  the  //-levels.  This  has  been 
previously  observed  in  beams  of  glyoxal27  and  acetaldehyde2’1 
that  were  also  studied  using  LIF.  In  the  case  of  acetaldehyde, 
the  rotational  temperature  for  molecules  in  the  beam  was  found 
to  be  over  four  times  higher  in  A'-quantum  number  than  in  J. 
This  same  effect  is  apparent  in  the  spectral  simulation  of  AlCi, 
where  at  70  K  the  ./-temperature  seems  to  lit  reasonably  well; 
however,  the  intensity  distribution  in  the  Q-branch  heads  appears 
to  fall  faster  than  in  the  experimental  spectrum.  This  would  seem 
to  indicate  that  to  correctly  simulate  the  spectrum  one  would 
have  to  model  an  increased  A'-tcmpcraturc  while  holding  the 
./-temperature  at  its  current  value.  This  has  not  been  carried  out 
at  this  stage  because  a  reasonable  fit  was  obtained  yielding 
rotational  constants  consistent  with  the  theoretical  structures 
calculated  for  the  A'2A|  and  C2B’  states. 

The  molecular  constants  obtained  are  given  in  Table  3.  along 
with  the  corresponding  MRCI  calculated  values.  Conservative 
errors  were  qualitatively  estimated  through  fixing  the  resulting 
constants  and  then  systematically  varying  each  parameter.  In 
general,  constants  could  be  varied  by  approximately  twice  the 
value  of  the  standard  deviations  derived  from  the  spectral  fitting 
procedure  before  the  modeled  spectrum  significantly  differed 
from  the  experimentally  obtained  one.  Error  in  To  stems  from 
the  spectral  line  width  used  to  measure  the  transition. 

Geometric  structures  can  be  estimated  from  the  rotational 
constants  derived  in  the  spectroscopic  fit,  with  the  C— C  bond 
length  calculated  directly  from  the  A  constants.  This  yields  rAi~c 
and  <*c-c  as  1.93  and  1.28  A  for  the  A'2A|  ground  state,  and 
1 .94  and  1 .34  A  for  the  excited  C 2B2  state.  All  values  arc  within 
error  of  the  calculated  CASSCF  geometries  shown  in  Figure  1. 
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TABLE  Rotational  Constants  (cm  ')  Obtained  Iron)  a 
Geometry  Optimisation  Performed  at  the  MRCI  Level  of 
Theory  and  from  the  Rotational  Analysis" 


MRU 

spectral  fit 

A" 

.Va, 

1.725  cm  1 

1.7093(107)  cm  1 

B" 

0.400  cm  1 

0.4052(50)  cm  1 

C" 

0.325  cm  1 

0.3228(49)  cm  1 

A' 

£ -Bs 

1 .609  cm  1 

1.5621(137)  cm  1 

B' 

0.394  cm  1 

0.4028(46)  cm  1 

C' 

0.316  cm'1 

0.3201(54)  cm  ■' 

r„ 

22102.7  ±0.2  cm*1 

11  Errors  in  the  rotational  constants  represent  twice  the  standard 
deviations  derived  from  the  fit. 

Conclusion 

The  electronic  spectrum  of  AIC2  was  observed  using  an 
ablation  source  and  laser  induced  fluorescence  detection.  The 
experiments  demonstrated  that  the  spectral  carrier  contained  only 
Al  and  C  atoms.  The  rotationally  resolved  spectrum  was 
assigned  to  the  origin  band  of  the  C:Bi-A'2Ai  system,  a  species 
that  exists  in  a  planar  (A,,  geometry  as  previously  calculated.  A 
rotational  analysis  is  consistent  with  the  asymmetric  top  AICA 
(C;,).  further  evidenced  by  the  fact  that  nuclear  spin  effects 
due  to  two  equivalent  carbon  atoms  must  be  considered  to 
properly  model  the  experimental  spectrum. 

Molecular  constants  were  estimated  using  a  spectral  simula¬ 
tion  based  on  a  least-squares  fit  to  14  individual  lines. 
Spectroscopic  constants  obtained  from  the  fit  compare  reason¬ 
ably  well  with  ab  inito  calculations  performed  on  both  the 
ground  and  excited  states.  The  imperfect  nature  of  the  fit  is 
attributed  to  an  inability  to  account  for  substantial  interactions 
with  lower  lying  quartet  and  :A|  states  that  manifest  themselves 
as  irregular  perturbations  in  both  the  energy  levels  and  their 
oscillator  strengths.  Being  able  to  incorporate  a  non-Boltzmann 
temperature  dependence  for  the and  AMevels  may  also  enable 
a  more  accurate  fit.  However,  as  it  stands,  the  fit  confirms  the 
perpendicular  nature  of  the  C'3B;— A'^Ai  transition. 

Finally,  further  confirmation  of  the  carrier's  identity  was 
obtained  using  a  resonant  2-color  2-photon  ionization  technique, 
where  a  spectrum  of  AIC:  was  observed  in  the  same  452  nm 
region  for  the  m/z  51  mass.2’  A  more  detailed  analysis  awaits 
the  collection  of  a  higher  resolution  spectrum. 

No  matches  corresponding  to  the  diffuse  interstellar  band 
literature  were  found  for  the  origin  band  of  AlCjt  however,  the 
information  obtained  in  this  study  can  aid  further  attempts  to 


identify  this  dicarbide  species  in  interstellar  space  by  means  of 
its  electronic  spectrum.  The  spectroscopic  constants  also  offer 
a  guide  for  future  microwave  investigations. 
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